The measurement of activity is being employed as a routine test to screen for neurotoxicity. Yet the detection capability of many activity monitoring techniques is limited to the extent that the potential for false negative results is present. This study dissects a drug-induced change in behavior to illustrate the relative importance of various measures in the delineation of dose-response information. This type of analysis is crucial for understanding what measures are needed to generate meaningful activity data. The behavioral response to four doses of amphetamine is determined using three independent measures of change, the number of behavioral initiations, total time, and time structure. Subjectivity in the identification of behavior was minimized by using a computer pattern recognition system to classify all acts. It was found that the biggest contributor to dose-response delineation was the measure of time distribution and sequence, a measure ignored by most automated activity devices available today. Both the behavioral act and the measures used must be specifically identified to avoid artificial summations that co'uld underestimate or overestimate the overall effect on behavior.
INTRODUCTION
OTOR ACTIVITY TESTS ARE NOW REQUIRED for Screening the glycol ethers and pesticides M for neurotoxic effects.(ll Such screening is to be accomplished with "an automated activity recording apparatus," and this device is to .be capable of detecting both increases and decreases in activity.(*) Automated devices having this general capability are not difficult to find, but choosing the one best suited for :specific screening needs is another matter. The vague description of the required detection capability gives the false impression that activity is a single entity that can change in only two directions. Activity is neither a single entity nor does it change just by increasing or decreasing. It is a composite of multiple behavioral acts that can change in their 'Department of Toxicology, Forsyth Research Institute, Boston, Massachusetts. 'Veterinary Diagnostic Laboratory and Department of Physics, Iowa State University, Ames, Iowa. Presented at the Symposium: Scre(ening for Neurotoxicity: Principles and Practices, April 28-29, Raleigh, North Carolina. number of initiations, their total time or average duration, and their time structure.O+) For purposes of screening, is it important to measure all of these types of change for multiple behaviors? Could measurement of one or two suffice as the technologic convenience of many automated devices already dictates?
The purpose of this study was to analyze the importance of multiple measurements in a dose-response determination. Using amphetamine, with its well-known effects on behavior of rat^,(^,^,*) we examined the changes in activity that resulted from each of four doses of the drug. The changes in activity were measured in a unique way; only measures that contain independent information@) were considered. Each measure, therefore, provided new information about the ways in which amphetamine alters behavior. Each measure, more importantly, can be viewed in relation to the others for its contribution to a dose-response curve.
The uniqueness of this study can be underscored in other ways. The independent measures were taken on several specific behavioral acts identified objectively by a computer. Human intervention was limited. The variables that could have been manipulated to maximize the effects of amphetamine were not. For example, the rats were not grouped@) or habituated to the environmentc7) to enhance or trigger the amphetamine response. Amphetamine is believed to be inhibitory to exploration in a novel environment.(IO) We purposely ignored these perceptions of amphetamine because, in the situation of screening an unknown substance, the luxury of knowing what variables to manipulate in order to enhance response may not exist. Consequently, we purposely selected only an experimental protocol conducive to rapid but sensitive screening. The test time was kept short (15 min), and the data were recorded per rat. The number of animals examined per treatment (n = 20) was high to try to avoid noise in response signals. Handling of the animals was limited to one test session in a novel environment. Finally, no special lights (Le., infrared) or reversal of lightdark cycles was employed. Under these simplified conditions, the composition of an amphetamine response can be viewed relative to (1) the specific behaviors affected, (2) three independent measures of the changes, and (3) their relative contribution to understandable dose-response data. This information should assist those who must select "an automated activity recording apparatus" and determine its capability of detecting increases or decreases in activity.
METHODS

Animals
One hundred sixty pathogen-free Sprague-Dawley male rats (250 g) were obtained from Charles River. They were housed two per cage (7 inches X 7 inches x 10 inches) in the Forsyth animal facility and given Purina Rat Chow (5012) and water ad libitum. A 12-hr light (060CL1800 hours) to 12-hr dark cycle was maintained for the animals.
Testing was conducted in a facility outside of the animal quarters. A pair that had been housed together was separated, and one was injected (s.c.) with either 2.0, 1.0, 0.5, or 0.25 mg/kg D-amphetamine sulfate dissolved in normal saline. The other was injected with only saline. A total of 20 pairs, each consisting of one amphetamine-treated rat and one matching control, was tested per dose of amphetamine. Thirty minutes after injection, their spontaneous behavior was tested for 15 min using the computer pattern recognition system.(lIJz) After the test, the animals were killed using pentobarbital sodium.
Behavioral tests
All behavioral tests were conducted during the diurnal period between 0900 and 1300 hours each day. The test consisted of placing a pair of rats simultaneously into a Plexiglas box. The experimental and control rats were separated by a clear partition with small holes, which allowed the animals to see and smell each other while they explored the novel environment. Two video cameras taking a frame per seconcl were used to monitor their spontaneous behavior. The video signals were transferred to a MICRO VAX I and a VAX 11/750 for pattern analysis and behavioral classification of the data.
The behaviors identified by tht: computer in this experiment consisted of five major body positions-stand, sit, rear, walk, lying down-and eight modifiers-blank (no recognized activity), groom, head turn, turn, look, smelll, sniff, wash face. Details of the box, the test procedure, and the computer pattern recognition system have been described.(l'J*)
Data analysis
Three measures of spontaneous behavior were taken. The first was a count of the initiations OF each behavioral act. The second was a measure of the total time that each act was performed. The third was a measure of the time distribution of individual behavioral acts and of sequences of joint acts. The first two measures are similar to those incorporated in a variety of activity studies, but the third is unique ti3 data generated from time-lapse photographic a n a l y~i s (~~l~) or computer pattern recognition.('*)
Calculation of behavioral initiations. The number of frames where a specific behavioral act started to occur was totaled for the 15-min observation period for each rat. The mean number of initiations for each act was determined for the control and experimental rats. Statistical significance was determined using ,a t-test, and a P 2 0.05 must be achieved before a change was labeled as significant.
Calculation of behavioral total time. The number of frames that a behavior continued, including the frame it was initiated, was totaled for the 15-min observation period. The mean total time for each act in control and experimenral rats was determined, and statistical significance was assessed using the t-test. Again, a P 5 0.05 must be achieved before a change was considered significant. In this equation na is the number of initiations of act a, T~ is total observational time corrected for the extension of act a, W, is an edge correction term, and Z , ( q is 1 (or 0) according to whether the pair (iJ) of initiations of act a occurred (did not occur) within a time separation t. The function K,(t), evaluated at eight time points (2, 5, 10, 20, 30, 45, 100, and 200 sec), is referred to as the time distribution of act a. The observational time was corrected to minimize the effects of changes in the number of initiations and the average duration of act a. The corrected observational time for this act, as described by Kernan et a].,@) was:
PI
The total time of observation was T, the number of a initiations was na, and the total time observed for act a was I, Throughout this article, "time" is treated as a mathematically discrete variable and nais present in Eq. 2 so that the time of initiation was included in the count for the corrected time. The W,, edge correction factor was applied because when act a occurred near the extremes of the observation time, not all ranges of time were available for inclusion in the calculation. The values of t at which K(,) was calculated were relatively small, and hence the weighting factor had little effect.
To assess sequences of acts and their multivariate relationships, the following equation of Kernan et al. (6) for the K function for the joint acts a and 0 was applied:
Each term has a meaning similar to that discussed for Eq. 1. In this use, 'TUB was corrected for the extension of each of the two different acts for the sequence analysis, and it became:
In Eq. 4, the meaning of each term is the same as in the discussion accompanying Eq. 2.
In Eq. 3, the yp is the separation between the i-th event of act a and the j-th event of act 6.
The IdY') term is changed to fit the behavioral sequence situation. In order to retain information on possible causal relationships among the acts, the formulation is intentionally and specifically asymmetrical in the time relationship. Idy') equaled 1 if event j of act 6 occurred within a time interval t later in time than event i of act a, and equaled 0 if event j occurred earlier than event i or if the time separation exceeded t. That is, the sum over j was only for events of act 0 later than event i of act a.
Estimates of the uncertainty in K(t). The function K(t) was computed for any dataset from the observation of 20 pairs of animals. Each pair was composed of one control and one amphetamine-exposed animal. The set of data from 20 control and 20 exposed animals was used to calculate a AK(t) (the difference between K(t) for the control and the exposed groups) for a given time value t. The replication involving 20 such pairs allowed the use of the bootstrap technique to estimate standard deviation. This techniqudIkl8) uses Monte Carlo methods to generate an estimate of the variance of a statistic based only on the data. A random number generator was used to construct 1,ooO simulations of this calculation, each time generating a list of 20 pairs randomly selected from the original set of animal pairs. Obviously, one or more pairs may have been dropped in any one of these simulations, whereas others were included more than once. Standard statistical formulas were then used on the 1, OOO simulations to obtain an estimate of the standard deviations of K(t) for the control and exposed groups separately or of AK(t).
Criteria for the significance of observed change. The calculation of K(t) involved all pairs of an act separated by a time less than or equal to t. Certain discrete values o f t (t = 2, 5 , 10, 20, 30, 45, 100, and 200 sec.) were selected, and each time distribution or sequence was quantified by calculating a K function (Eq. 1 or 3) for each. In determining that a time distribution or sequence was changed between the control and exposed groups, multiple tests had to be satisfied simultaneously. The first test evaluated for each time point the quantity:
In Eq. 5, K(t) has the meaning defined in Fq. 1 or 3. The subscripts exp and con refer to the exposed and control groups, whereas AK(t) represents the difference between the exposed and control groups. The SD. [AK(t)] represents the estimated standard deviation in this measure derived from the bootstrap calculation. A given time distribution or sequence was not flagged as corresponding to a real change unless the value calculated in Eq. 5 was greater than or equal to 2.0 for three adjacent time points with the same sign for hK(t). Any time distribution or sequence that involved a behavioral act that had an average number of initiations less than 10 in either the control or exposed group was excluded from the analysis.
The data are provided as the K function for specific behavioral acts (i.e., sit or rear) or sequences of specific behavioral acts (sit. . .rear) as described by Mullenix and Kernan.('3) In addition, K functions were determined also for "grouped" acts (Le., attention or the sequence attention. . .explore) as described by Kernan et a1.,(6J*) but these are not discussed in any detail in this article. 
RESULTS
Behavioral initiations following amphetamine exposure
The specific behaviors significantly altered in initiations by four different doses of amphetamine are shown in Table 1 . Only the behavior head turn was changed consistently regardless of dose. Walk and rear, two behaviors often quantified by activity devices, were not affected consistently in a dose-response fashion. Increased walking at the 1.0 and 0.5 mg/kg doses correlated with the accepted hyperactivity range, but reliance on this behavior outside of that range was not helpful when delineating the full extent of behavioral abnormality. The total number of behaviors showing changes in initiations varied little between doses associated with stereotypy (2 mg/kg) and doses associated more with hyperactivity (1.0 and 0.5 mg/kg). Figure 1 illustrates the number of initiations of three of the most consistently affected behaviors. Initiations of these behaviors were increased in a slight dose-response pattern in the treated rats (compared to their respective matching controls). However, the variability in this measure was often large, and it precluded pooling of control data.
Total time of behaviors following amphetamine exposure
The specific behaviors significantly altered in total time by four doses of amphetamine are shown in Table 2 . As in the measure of initiations, the total time of head turn was the only one affected by all doses, and the total time of walking was affected only at the 1.0 and 0.5 mg/kg doses. Unlike the measure of initiations, the number of behaviors changing in total time appeared to correlate somewhat with the dose of amphetamine.
The total time of head turn anld turn in control and amphetamine-treated rats is shown in Figure 2 . To some degree, a dose-related increase in total time of these behaviors could be seen when each dose was compared with just its matching control. Since variability was high in this measure as well, control data could not be pooled without some loss of statistical significance.
K functions following amphetamine exposure
The specific acts or sequences of acts for which the K function was significantly altered by any of the four doses of amphetamine are shown in Table 3 . The same two acts and three sequences of acts were affected by the three highest doses. Figure 3 illustrates the amphetamine-induced reduction in the K function for sit, and Figure 4 illustrates the same for the sequence rear. . .walk. Other consistencies were discovered for at least two consecutive doses, such as the K function for the sequence stand. . .rear was altered by 1.0 and 2.0 mg/kg and the K function for walk was altered by 1.0 and 0.5 mg/kg. The total number of behaviors or sequences with altered K functions at 2.0 mg/kg was 22, which represents 53.7% of those studied (41 in all). Such percentages at 1.0, 0.5, and 0.25 mg/kg were 34.6% (18/52), 32.7% (17/52), and 14.6% (6/41), respectively. All were greater than would be expected by chance$Iz) that at 0.25 mg/kg being borderline. changes by chance beginning in the first two time bins. The analysis of group acts also gave an important perspective on the six altered K functions observed at 0.25 m a g dose. From Table 3 it appears that these six specific changes occurred only sporadically or not at all at the higher doses. Analysis of the group act attention. . .explore, however, revealed a consistency among all doses. Figure 5 illustrates the significant reduction in the K value for the time sequence attention. . .explore by all four doses of amphetamine.
Head Turn Turn
Two findings among the effects of amphetamine on the K functions were consistently noted. First, the K function, when changed, was almost always reduced, indicating increased dispersion in time. Second, the small variation in this measure generally allowed comparison of all control data, giving a broader perspective of the overall significance of the dispersion induced by amphetamine. In Figures 3, 4 , and 5, a shaded area (control range) is superimposed to indicate the range of mean K values found in the four control groups examined in this study. The results for each amphetamine group and its matching controls can thus be viewed in relation to this control range. 
Dose-response effects of amphetamine
It has been found that the measures of initiations, total time, and K function contain independent information. (6) The total effect of amphetamine on spontaneous behavior, therefore, would be obtained from a summation of the statistically significant changes obtained from all three measures. This summation fix the four doses of amphetamine is shown in Table 4 . It does not include totals from the group act analysis. The totals for each dose across the three measures present a clear dose-response pattern.
DISCUSSION
Analysis of the behavioral response to amphetamine exposure helps illustrate three ways that false negative results might occur from activity data. First, a false negative can occur whenever the monitoring technique is not "behavior specific." When a monitoring technique indiscriminately clumps behaviors, it runs the risk of allowing the increased initiations of one behavior to mask the decreased initiations of another. The effect of amphetamine represents the easiest type of activity change one can detect because only significant increases occur, whether initiations or total time is the measure (Figs. 1 and 2) . Second, a false negative can occur whenever the monitoring technique is not "measure specific." Many activity tests do not distinguish behavioral initiations from behavioral total time, and if these two were to change in opposite directions for any one behavior, the result again would be a mitigation of the overall effect. In a situation of screening new drugs or chemicals, it is an unfounded assumption that all behaviors and all measures will change in the same direction. If an activity apparatus clumps the wrong behaviors or measures together, as is the case with horizontal and vertical movements or photocell beam interruptions, the artificial summation could mask significant behavioral effects. A false negative can occur in a third way such that the monitoring technique is both "behavior specific" and "measure specific" but not "multifocused." It is not uncommon for an observational method to focus on one measure of one behavior. If the technique focused on the act of walking, for example, it would have been insensitive to the effect of amphetamine at the 2 and 0.25 mg/kg doses. Indeed, no investigator will always know a priori which behaviors to study; most activity devices can detect walk and rear easier than they can detect stand, turn, and head turn, despite the fact that the latter may be more consistently affected, as found here with amphetamine. Furthermore, if the technique focused on just the measure of initiations or total time, the major contributor to a dose-response curve could be missed. In this study of amphetamine, K functions provided the biggest input to a clear-cut dose-response curve, whereas the measure of initiations provided the least. Like the disregard for behavior and measure specificity, too narrow a focus can be just as prohibitive to effective neurotoxicity screening.
The importance of measuring the time distribution and time sequence of behavioral acts (K function) can be viewed in another way. Of the three independent measures carried out in this study, only the K function had standard deviations compatible with pooling control data. Pooling control data helps interpretation of any change that is found to be statistically significant. For example, it is difficult to argue the biologic importance of a drug-induced statistically significant change when that change is no greater than some day-to-day variability between different control groups. Avoiding variability by dispensing with matched controls and using only one control group is not a reasonable solution. Using a measure with minimal variance is an acceptable solution.
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